Effect of g-ethyl-g-phenyl-butyrolactone (EFBL), anticonvulsant and hypnotic drug, on mouse brain catecholamine levels g-Ethyl-g-phenyl-butyrolactone (EFBL) is a structural combination of the anticonvulsant g-hydroxy-g-ethyl-g-phenylbutyramide (HEPB) and the hypnotic g-butyrolactone (GBL), which inherits both properties. To clarify its mechanism of action, the effects of EFBL, GBL and HEPB on dopamine (DA) and noradrenaline (NA) brain levels were investigated. Influences of chlorpromazine, phenelzine and aminooxyacetic acid were also studied. EFBL increased DA in a dose-dependent manner, remaining enhanced by 80 % over a period of 24 h and augmented NA by 54 % one hour after treatment. HEPB increased DA and NA approximately 2-fold after the first hour. GBL raised DA and NA after three and 24 h, resp. EFBL reversed chlorpromazine effects but potentiated those of phenelzine on DA. Amino-oxyacetic modified neither DA nor NA brain levels, not even in the presence of EFBL. The anticonvulsant and hypnotic properties of EFBL are attributed to its effect on presynaptic dopaminergic receptors and its lasting effect on ethyl and phenyl radicals that hinder its degradation. The results support the role of DA and NA in regulating seizure activity in the brain and indicate that EFBL offers a potential treatment for refractory epilepsy without complementary drugs and Parkinson's disease, without the drawbacks of oral therapies.
It is known that g-butyrolactone (GBL) has depressant effects on the central nervous system (CNS), causing sleepiness and anesthesia (1) , whereas ethyl-phenyl-pyrrolidinone (EPP), the cyclic form of g-aminobutyric acid (GABA), is an anticonvulsant whose structure is known as g-hydroxy-g-ethyl-g-phenylbutyramide (HEPB). As a result of the structural combination of HEPB and GBL, g-ethyl-g-phenyl-butyrolactone (EFBL) was synthesized (2) , showing both anticonvulsant (2, 3) and hypnotic (4) properties. Because of the abovementioned pharmacological properties, the mechanism of action of EFBL was investigated.
It is fundamental to understand the role of GABA, a major inhibitory neurotransmitter in the CNS of mammals, in neuronal excitability, to fully comprehend its mechanism of action and rational design of anticonvulsant agents (5) . Since an association between the activity of the GABA-synthesizing enzyme L-glutamate decarboxylase (DAG) and seizure generation was established, increasing the brain GABA levels has become a common strategy utilized in the rational design of anticonvulsants. One approach to accomplishing this goal has been the inhibition of the GABA-degrading enzyme GABA-transaminase (T-GABA). T-GABA inhibitors, such as hydroxylamine and amino-oxyacetic acid (AAOA), have been shown to protect against seizures induced by different chemoconvulsants (6) . In any case, most anticonvulsants used in epilepsy treatment are related to GABA-ergic transmission. Therefore, we aimed to clarify the mechanism of action of EFBL and its relationship with GABA metabolism. Neither GABA levels nor DAG or T-GABA activity were modified by EFBL, suggesting that this drug acts by interacting with other neurotransmitters (3) . This may be related to the fact that HEPB, one of EFBL parent drugs, does not influence the GABA-ergic system (3).
There is considerable evidence supporting the participation of the GABA-ergic system in convulsions, but no simple relationship between brain GABA levels and seizures has been established yet. Some examples include reports of seizures that occur during pharmacological conditions that do not interfere with the GABAA receptor function and, in some cases, they appear to enhance it (7). Epileptiform discharges were observed during the application of Mg 2+ -free medium, even with the preservation of inhibitory post-synaptic potential caused by GABAA receptor stimulation (8) . In addition, it has been determined that selective stimulation of GABAA receptors in the hippocampus causes an increase in extracellular K + , which induces convulsions, even when ionotropic glutamatergic transmission is blocked (9, 10) . This means that postsynaptic activation of GABAA receptors can also cause membrane depolarization of both interneurons and principal cells in immature cells (11) and some adult long-axoned neurons (12) or interneurons. These depolarizing postsynaptic currents may be strong enough to result in excitation, which could lead to seizures.
Thus, the anticonvulsant effect of EFBL that seems to spare GABA metabolism suggests that some other factors besides GABA-ergic activity are affected by this drug, which reduces seizures.
Interestingly, studies have also indicated a role for dopamine (DA) (13, 14) and noradrenaline (NA) (15) in regulating seizure activity in the brain. Moreover, the depressive effect of GBL, a precursor drug of EFBL, is attributed to the selective increase in DA concentration that it causes in mouse, rat and rabbit brains (1) .
Considering the potential use of EFBL as an antiepileptic drug, and the possibility that EFBL could act through increasing DA brain levels as does GBL, representing a possible treatment for Parkinson's disease, this work aims to examine the effect of EFBL and its parent drugs GBL and HEPB on DA and NA levels in the mouse brain.
Development of new antiepileptic drugs (AEDS) is always important, since some cases are refractory to the treatments with traditional AEDS, either administrated alone or in combination. On the other hand, a new non-oral treatment of Parkinson's disease, such as EFBL, may be highly important, since in the course of the disease oral medication loses effectiveness due to several reasons like dysphagia or impaired absorption from the gastro-intestinal tract and delayed emptying of the stomach. In those situations, a non-oral therapy should be considered.
EXPERIMENTAL

Animals
Experiments were conducted in accordance with the Helsinki Guide for the Care and Use of Laboratory Animals, as adopted and promulgated by EU Directive 2010/63/EU for animal experiments, and approved by the Institutional Ethics Committee of the National School of Biological Sciences, Colonia Casco de Santo Tomás, México.
Male CD1 albino mice with a mean body mass of 25 g (aged 5-6 weeks) were used for the experiments. Animals were maintained on a 12/12 h light/dark cycle and fed a stock laboratory diet (%, m/m: 49.8 carbohydrates, 23.5 proteins, 3.7 fats, minerals, vitamins, and amino acids) ad libitum. Animals had free access to drinking water.
Each experimental group comprised five animals, which received EFBL, GBL or HEPB at different doses and times of treatment (1-24 h). Chlorpromazine (CPZ), phenelzine (PHEN) or amino-oxyacetic acid (AAOA) were administered to groups of five animals each, either alone or followed by EFBL. Control groups comprised five animals and each received peanut oil or saline solution, depending on the experiment.
All drugs were administered by intraperitoneal (i.p.) injection.
Reagents
EFBL was synthesized by Vega-Díaz and Vega-Rasgado (2) and identified by infrared and nuclear magnetic resonance (NMR) spectroscopy. The drug was dissolved in peanut oil.
HEPB was laboratory obtained and its structure and purity were corroborated by infrared and NMR analysis. It was dissolved in a saline. GBL was purchased from SigmaAldrich (USA) and dissolved in peanut oil. CPZ, PHEN and AAOA were purchased from Sigma-Aldrich and dissolved in a saline solution before administration.
Standard analytical grade laboratory reagents were obtained from Merck (Germany) or Sigma-Aldrich. bm) or GBL (180, 270 and 360 mg kg -1 bm) were administered to different groups of animals. The doses correspond to 2.1, 3.15 and 4.2 mmol kg -1 bm, resp. for each of the drugs. One hour after administration, animals were sacrificed, the brains were quickly removed and processed for DA and NA determination, as described below.
Effects of different doses of EFBL, HEPB and GBL on DA and NA brain levels
Corresponding control groups received peanut oil when EFBL and GBL were used and saline solution when GBL was used.
Temporal profile of brain DA and NA levels after HEPB, GBL and EFBL administration
Groups of animals receiving a single dose of 800, 180 and 360 mg kg -1 bm of EFBL, HEPB or GBL, resp., corresponding to 4.2 mmol kg -1 bm in each case, were sacrificed 1, 2, 4, 6, 12, and 24 hours after administration, at which point DA and NA brain levels were determined. Corresponding control groups received peanut oil when EFBL and GBL were used and saline solution when GBL was used.
Influence of different drugs on the effects of EFBL on DA and NA brain levels
CPZ (20 mg kg -1 bm), PHEN (50 mg kg -1 bm) or AAOA (35 mg kg -1 bm) were administered either alone or followed by administration of EFBL (800 mg kg -1 bm, corresponding to 4.2 mmol kg -1 bm) one hour later. After 1 hour, animals were sacrificed and DA and NA brain levels were quantified. The effects of individual drugs (CPZ, PHEN or AAOA) or EFBL or their combination (CPZ-EFBL, PHEN-EFBL and AAOA-EFBL) were compared with the control group, which received peanut oil.
Determination of DA and NA concentrations in the brain
Tissue processing. -After treatment, animals were sacrificed by decapitation and whole brains were removed. Tissues were homogenized in perchloric acid (PCA, 0.4 mol L -1 ) with the aid of a tissue homogenizer (Glas-Col, USA).
Catecholamine extraction. -Brain homogenates were centrifuged (4,000 rpm, 10 min) and DA and NA were extracted from the supernatants by adsorption onto acid alumina using ESA EXTRACT-CLEAN columns (Grace Davidson Discovery Sciences, USA) as described previously (16) . 
Statistical analysis
All results are expressed as the mean ± standard error of the mean (SEM) of at least five determinations (n ≥ 5). DA and NA levels were compared between groups using the one-way analysis of variance (ANOVA), followed by Tukey's multiple comparisons test. Graph Pad Prism version 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was used, and p < 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Although this study focused on the properties of EFBL, the analysis of its effects on catecholamine brain levels included a comparison with its parent drugs, HEPB and GBL, administered under the same conditions. Equimolar doses of all drugs were used because ethyl and phenyl radicals considerably increase the molecular mass of EFBL and administration of similar masses of the drugs would have resulted in different molar concentrations. Effects of EFBL, GBL and HEPB were compared with those of other drugs with wellknown effects on catecholamine brain levels. The drugs used for this purpose were the DA receptor antagonist chlorpromazine and the classic monoamine oxidase (MAO) inhibitor phenelzine. Because of the possible stimulation of GABAA receptors as a result of the influence of these psychoactive drugs (17, 18) , AAOA was also investigated.
EFBL displays hypnotic properties that are stronger than those of GBL. A dose of 2.8 mmol kg -1 of EFBL is required to suppress the righting reflex in mice for 3 hours, whereas 4.42 mmol kg -1 of GBL is needed for a hypnotic effect lasting 1.5 hours (4). The hypnotic effect of GBL has been attributed to an increase in brain DA levels (19) . Thus, a higher DA brain level would be expected after EFBL administration. The results presented in Fig. 1a show that HEPB and GBL increased significantly the DA levels from the lowest dose assayed (2.1 mmol kg -1 ), reaching their maximum effect at 2.1 and 3.15 mmol kg -1 , resp. The DA increase caused by HEPB and GBL was approximately twice that of the control levels. EFBL increased DA brain levels in a dose-dependent manner, causing a modest increase at 3.15 mmol kg -1 but reaching a high value, similar to the maximum of the other two drugs, at 4.2 mmol kg -1
. In contrast, HEPB and GBL caused a significant increase in the brain concentration of NA (Fig. 1b) , reaching a maximum increase of approximately 150 % from the lowest dose assayed (2.1 mmol kg -1 ). Compared to these drugs, EFBL had a modest effect on the brain concentration of NA, increasing it by only 54 % at a dose of 3.15 mmol kg -1 .
The observation that brain DA levels were the highest after acute administration of GBL is consistent with previous reports (1, 19) and suggests that high levels of DA are re- quired for the hypnotic effect. Thus, if there is a direct relation between DA levels and the magnitude of the hypnotic effect, the fact that EFBL increased DA brain concentrations to a lesser extent than GBL, though EFBL has been reported as a better hypnotic than GBL (4), would be controversial. This paradox can be solved by the results shown in Fig. 2 , where the temporal profile of brain catecholamines after a single administration of the highest dose of HEPB, GBL or EFBL can be appreciated. All three drugs increased significantly the brain DA levels shortly after administration, but after 2-4 hours, the DA values had returned to the control values in the HEPB-and the GBL-treated groups. In both cases, there was a slight reduction below the control levels. The administration of EFBL, however, caused a 1.8-fold increase in brain DA levels shortly after administration, and these values (> 50 % higher than the control values) were maintained even 24 hours later (Fig. 2a ). Brain NA (Fig. 2b) was affected in a different way by the three drugs. HEPB caused a 155 % increase that returned to control levels 4 hours after administration, GBL caused a mild increase (no more than 39 %) that lasted for the entire 24-h period but EFBL did not modify brain NA levels at any of the times examined.
Previous results suggest that, instead of producing the highest acute increase in brain DA levels, EFBL causes a sustained increase that lasts up to 24 hours after administration, whereas the effects of GBL and HEPB cease within two hours. The long-lasting effect of EFBL, compared to GBL, can be explained by its structure and by considering the GBL metabolism. Previous observations indicate that GBL must be converted to γ-hydroxybutyrate by a blood lactonase before it is able to exert an effect on brain DA metabolism and the behavior of the animal (1). Based on the same rationale, the presence of ethyl and phenyl radicals would cause EFBL to be metabolized even more slowly by lactonase, which would extend its effects. Some experimental models based on the administration of reserpine, benazine and alpha-methyl-p-tyrosine have demonstrated that a deficit in catecholaminergic neurotransmission increases the susceptibility to the generation of epileptic seizures (20, 21) . Other reports have shown a reduction in catecholamine levels in the striatum during the latency period of the seizures induced by monosodium glutamate (22) The uptake and release of NA and DA during seizures have been shown to be modified in this model (23) .
In this work, in addition to the hypnotic properties of EFBL, we tested whether its actions on catecholaminergic neurotransmission were related to its anticonvulsant properties (4) . Effects of CPZ, PHEN and AAOA on the changes in brain catecholamine levels induced by administration of 800 mg kg -1 (4.2 mmol kg -1
) of EFBL are given in Figs. 3, 4 and 5, resp. CPZ slightly enhanced brain DA levels, and its previous administration reversed the increase in DA brain levels caused by EFBL (Fig. 3a) . PHEN caused brain DA levels to increase by approximately 59 % and had a synergic effect on EFBL administration, causing a final increase of 156 % (Fig. 4a) . AOAA did not modify brain DA levels nor did it affect the increase caused by EFBL (Fig. 5a ). The effects of these drugs on brain concentrations of NA were similar to those of DA. CPZ elevated NA levels and this effect was reversed by the administration of EFBL (Fig. 3b) . The PHEN-induced rise in brain NA levels was potentiated by EFBL to a final concentration of 2-fold that of the controls (Fig. 4b) . AOAA did not modify NA levels nor did it influence the increasing effect of EFBL on this catecholamine (Fig. 5b ).
EFBL and its parent anticonvulsant drug HEBP caused an acute increase in brain DA levels, which may be related to the anticonvulsant effects of both drugs. However, compared to EFBL, HEPB caused a much higher increase in NA levels. This effect could be due to the similarity of the chemical structure of HEPB to that of NA. The observed effects on brain NA concentrations suggest that HEPB acts on NA receptors or transporters and that these actions could involve other catecholamines. The proposed mechanism of action of HEPB is consistent with the data obtained from multiple experimental models that converge to demonstrate the antiepileptic role of endogenous NA (15) . This effect mostly counteracts the development of an epileptic circuit rather than increasing the epileptic threshold.
In contrast to HEPB, which maintained increased levels of brain NA (Fig. 2b) , EFBL did not cause significant modifications to brain NA, even several hours after being administered. Since the anticonvulsant doses of EFBL (350 mg kg -1 , 2.1 mmol kg -1 ) did not modify NA levels significantly, it is believed that the anticonvulsant effect of EFBL is not related to its effects on NA levels. Ethyl and phenyl radicals on EFBL may cause a structural modification that could lead to a reduced interaction with NA metabolism. Considering the major role of DA in epileptogenesis, we propose that the anticonvulsant effect of EFBL is also mediated by DA. In addition to EFBL, other drugs that stimulate the dopaminergic system, such as apomorphine and amphetamines or even some antiparkinsonian drugs, exert anticonvulsant effects as well (13) .
In 1996, a glutamate-DA interaction proposed by Starr attempted to explain the individual susceptibility to epilepsy in limbic areas (24) . According to this hypothesis, in the epileptic brain there is increased tonic excitation of DA neurons by glutamate (Glu) due to the peroxisomal activity on the cortex. Thus, the phasic release of DA increases, leading to the downregulation of DA postsynaptic receptors and a decreased phasic response (25) .
There are five main DA receptor subtypes, including D1-D5 isoforms (26) . The results from a combination of studies performed in a wide variety of animal models have illustrated the opposing actions of D1-like and D2-like receptor signaling in epileptogenesis. Indeed, signaling from D1-like receptors is generally pro-epileptogenic, whereas D2-like receptor (D2R) signaling exerts an antiepileptogenic effect (25) .
Among the experimental evidence that shows the anticonvulsant effect of D2R stimulation, perhaps the most important finding is the inhibitory effect on hippocampal excitability through activation of these receptors. Another important finding is the promotion of seizures observed in patients with no previous history of epilepsy via the use of antipsychotics that act as DA-ergic D2-like antagonists. In contrast, seizure inhibition has been observed when antiparkinsonian drugs, such as pergolide and bromocriptine, which both act by stimulating D2Rs, are administered (24) .
According to the above findings, and considering that presynaptic receptors (autoreceptors) are mainly composed of the D2 subtype, a low dose of a D2R agonist would stimulate presynaptic autoreceptors, leading to a decreased release of DA while preventing the downregulation or desensitization of postsynaptic receptors (25) . Because of the anticonvulsant effect of EFBL and its effects on brain DA levels, it is believed that the anticonvulsant actions of EFBL ultimately result in the activation of presynaptic D2 receptors.
This proposal is further supported by the influence of CPZ, whose most important mechanism of action is the blockade of DA presynaptic receptors. The results given in Fig.  3 show that EFBL is able to reverse the effects of CPZ, reinforcing the idea that EFBL acts through the dopaminergic system and specifically on the DA presynaptic receptors, as does CPZ. Moreover, since D2 receptors are also present in the presynaptic perivascular endings that modulate NA release (27) , the effects of EFBL on NA brain levels also point to the involvement of D2 receptors in the actions of EFBL.
Therapeutic use of inhibitors of MAO, a catecholamine-degrading enzyme, has increased over time due to their neuroprotective properties. PHEN is an irreversible, nonselective MAO inhibitor that has been used for many years as an antidepressant drug and is also effective in treating panic, social anxiety and post-traumatic stress disorders. In this study, EFBL potentiated the effects of PHEN on the brain levels of both DA and NA in an additive manner. These results indicate that the two drugs act synergistically on dopamine availability to increase D2 receptor activity.
In the case of NA, the catecholamine concentration after the administration of PHEN and EFBL was higher than expected based on the separate effects of each drug. One possible explanation is that EFBL may markedly increase NA concentration, but this excess is promptly removed by MAO. MAO inhibition thus exposes a contrasting increase. However, other possibilities, such as a dopaminergic action on NA synthesis or release, cannot be ruled out on the basis of the present data.
Although PHEN acts mostly as an MAO inhibitor, it has also been reported to inhibit GABA-transaminase, thus increasing brain GABA levels (28) . Based on these data and our assumption regarding the mechanism of action of EFBL, the possibility thus persists that the effects of PHEN are influenced by changes in GABA-ergic activity. To explore this possibility, the effect of a classic T-GABA inhibitor, AAOA, was also investigated. As shown in Fig. 5 , AAOA did not alter DA or NA brain levels, nor did it affect the actions of EFBL on these catecholamines. From this, we conclude that the activity of T-GABA and the changes in GABA-ergic activity do not play major roles in the effects of EFBL observed in this study.
L-Dopa has been useful as an adjunctive in the treatment of children with refractory absence seizures and has been suggested for ultrarefractory focal seizures in adults. Because of the described mechanism of action through activation of presynaptic D2 receptors, EFBL may represent a new therapeutic option for the control of convulsions in such difficult cases with no complementary drugs required. Besides its potential as an antiepileptic, EFBL may also represent a new treatment for Parkinson's disease, which would keep high brain DA levels for 24 hours, making it easier for the patient to adhere to the treatment, without the drawbacks of oral therapies.
CONCLUSIONS
Taken together, our results allow us to postulate that EFBL, which possesses anticonvulsant properties, acts on presynaptic dopaminergic receptors, thus increasing DA levels. These effects are maintained as long as 24 hours after administration, which could be a consequence of the presence of ethyl and phenyl radicals that retard its enzymatic degradation by lactonase. This prolonged effect on DA brain levels confers to EFBL not only anticonvulsant but also hypnotic properties. EFBL can thus be considered a potential alternative to a dopaminergic-stimulating drug, which could have therapeutic importance in the control of refractory seizures without complementary drugs and also for the treatment of reduced catecholaminergic activity such as that observed in Parkinson's disease, without the drawbacks of oral therapies.
